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The biosynthetic pathway leading to the formation of 
the plant hormone abscisic acid (ABA) in plants 
exposed to stress is believed to involve dioxygenase~ 
mediated cleavage of a 9 '-Z-xanthophyll followed by oxi-
dation of the product xanthoxal (XAN) v ia abscisic alde-
hyde (AS-aid). However, there are inconsistencies in the 
current model. Use of ASA~deficient mutants has not 
adequately explained the origin of basal endogenous 
ABA. The ubiquitous occurrence of AB-ald as a natural 
plant product has not been unequivocally established , 
its conversion to ABA in vivo and in vitro occurs at rates 
Introduction 
The biosynlhetic pathway to the plant hormone abscisic acid 
(ABA) remains a contentious issue. Even so, the stress-
induced biosynthesis of (+)-S-ABA in plants is believed to 
occur as a result of dioxygenase-catalysed cleavage of 9'-Z-
xanthophylls (either neoxanthin or violaxanthin) to xanthox-
al (XAN) thai is successively oxidised to ABA via abscisic 
aldehyde (AB-ald). The currently accepted scheme is depic t-
ed in Figure 1. Biochemical, molecular and genetic evidence 
in support of th is pathway has been comprehensively 
reviewed in several recent publications (Merlot and Giraudat 
1997, Koornneef 1998, LOitenberg et al. 1999, Cutler and 
Krochko 1999, Zeevaart 1999, Taylor et al. 2000). Each of 
these highlights the substantial progress that has been 
made in cloning genes involved in the formation and cleav-
age of the C-40 xanthophyll precursor(s) seemingly support-
ing a carotenoid orig in for ABA. While the genetic and 
molecular aspects of ABA biosynthesis will not be consid-
ered in this article, the recent reviews by Loitenberg et al. 
(1999), Cutler and Krochko (1999), and Taylor et a/. (2000) 
serve to draw the readers ' attention to the fact that no gene 
has been identified that converts C-15 carotenoid-cleavage 
products to ABA. As pointed out by Cowan (2000) a possi-
ble reason for this might be the lack of sufficient information 
concerning the natural occurrence and metabolism of AB-ald 
in plant tissues . Based on an in depth evaluation of the posi-
tion of AS-aid as the immediate precursor of ABA, it was 
mooted that XAN catabolism may be the culmination of one 
below 30%, and the relationship between AB-ald and 2-
trans-abscisic alcohol (trans-AB-ol) has not been whol-
ly elucidated. This rev iew explores the constitutive 
nature of ABA biosynthesis. Schemes accounting for 
the metabolism of XAN and 2-trans-AB-ol are proposed. 
It is concluded that there exist two precursor pools viz., 
~, ~-carotenoids , and E,E- and £,Z-farnesol. These pre-
cursors are converted to ABA via 4 '-keto-xanthoxic acid 
and 2-trans-AB-ol respectively presumably after incor-
poration into, and 'stress-induced' release from, ABA-
adduct. 
stress-induced pathway and ABA synlhesis that of another. 
The present review paper seeks to elaborate on the argu-
ment that XAN metabolism and ABA biosynthesis might 
indeed represent independen t processes in plants. 
Furthermore, based on an assessment of possible alterna-
tive routes to ABA it is suggested that ABA biosynthesis in 
planta is a constitutive process and distinct from XAN 
metabolism which is probably enhanced under stress. 
Non-mevalonate pathway of isoprenoid biosynthesis 
In recent years, substan tial evidence has accumulated to 
support the existence of both mevalonate and non-meval-
onate pathways of isopentenyl diphosphate (lOP) synthesis 
in plants (lichtenthaler et al. 1997, lichtenthaler 1999) . 
Current information indicates that the mevalonate pathway 
is localised in the cytoplasm and gives rise to phytosterols 
and some sesquiterpenes whereas the non-mevalonate 
pathway occurs exclusively in plastids and is responsible for 
isoprene, monoterpene, diterpene and te traterpene 
(carotenoid) synthesis (Eisenreich et al. 1998, lichtenthaler 
1998, 1999). Mevalonic acid (MVA) synthesis involves the 
NADPH-dependent reduction of 3-hydroxy-3-methylglutaryl 
coenzyme A, catalysed by (3-hyd roxy-3-methylglutaryl 
coenzyme A reductase) HMGR (EC 1.1.1.34), in a reaction 
that is competitively inhibited by mevinolin and its structural 
analogues (Bach and lichtenthaler 1983, Bach 1987 , 1995). 
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Figure 1: Pathway for the formation of stress-induced (+)-S-ABA in 
plants. Oxidative cleavage of 9'-Z-neoxanthin or 9-Z-violaxanthin in 
the plastid yie lds XAN. The proposed two-Slep conversion of XAN 
to ABA via AS-aid occurs in the cytoplasm and Involves a molybde-
num cofactor-conlaing aldehyde oxidase. An alternative route via 
AS-oj is also evident and occurs in mutants in which the conversion 
of AS-aid to ABA is impaired 
In contrast , the alternative non-mevalonate pathway com-
mences with the formation of 1-deoxy-O-xylulose-5-phos-
phate (OOXP) from glyceraldehyde-3-phosphate and pyru-
vate by the enzyme OOXP synthase, which is subsequently 
transformed to 2-C-methyl-O-erythritol-4-phosphate (MEP) 
by an NAOPH-requiring OOXP reductoisomerase 
(Takahashi et a/. 1998, Lichtenthaler 1999) . Recently, it was 
shown that the Streptomyces lavendulae-derived antibiotic, 
fosmidomycin, efficiently blocked the non-mevalonate path-
way of isoprenoid biosynthesis and inhibited isoprene emis-
sion, and chlorophyll and carotenoid synthesis in plants 
(Zeid ler et a/. 1998). Based on these observations , the 
authors suggested that OOXP reductoisomerase is the tar-
get enzyme for fosmidomycin. Thus, selective inhibition of 
either the mevalonate or the non-mevalonate pathway of 
lOP synthesis is theoretically possible. 
Early reactions in ABA biosynthesis 
ABA is a C-15 terpenoid . As a consequence, it can be 
formed by one of two biosynthetic rou tes. These are: the 
Cowan 
sesquiterpenoid pathway, which involves conversion of MVA 
via farnesyl diphosphate (FOP) and putative post-FOP inter-
mediates (Chappell 1995): and the carotenoid pathway, in 
which MEP is incorporated into lOP and later into xantho-
phylls which are oxidatively cleaved to give XAN and ABA. 
In fact. two recent reports have provided good evidence that 
stress-induced ABA is derived from the plastid-localised 
MEP pathway of lOP formation in plants. Milborrow and Lee 
(1998a) were able to demonstrate that isolated but intact 
chloroplasts were capable of incorporating more radioactivi-
ty from (" C)pyruvate than (" C)MVA into ABA, while Hirai et 
a/. (2000) demonstra ted that stress-induced ABA, formed in 
shoots of the tulip tree fed 1-(" C]glucose , was labelled sim-
ilarly to p-carotene and in accordance with the formation of 
lOP via the non-mevalonate pathway. Together, this infor-
mation suggests that the early reactions required for the 
stress-induced synthesis of ABA depend on the intra-plas-
tidic synthesis of lOP via the MEP or non-mevalonate path-
way. However, evidence is still being reported in the litera-
ture to indicate that stress-induced ABA might arise from a 
non-carotenoid origin. For example, labelled MVA was incor-
porated into ABA by cells of the unicel lular green alga 
Dunalieffa (Bopp-Buhler et al. 1991, Cowan and Rose 
199 1). Norflurazon an inh ibitor of carotenogenesis 
decreased the carotenoid content but increased the ABA 
pool size in Dunalieffa (Bopp-Buhler et a/. 1991). Also, 
AM01618, which retards sterol and gibberellin biosynthesis 
(Burden et a/. 1989), and prevents cyelisation of Iycopene 
(Sandmann et a/. 1985), stimulated incorporation of label 
from MVA into ABA (Milborrow 1976). Finally, mevastatin 
(compactin), which specifically inhibits HMGR, the enzyme 
responsible for the committed step in cytosolic isoprenoid 
biosynthesis, exerts profound effects on endogenous ABA 
levels . Mevinol in and lovastatin, structural analogues of 
mevastatin , retarded stress-induced accumulation of ABA in 
leaves of Xanthium strumarium (Zeevaart et a/. 1990) and in 
leaves and roots of Mesembryanthemum crystallinum 
(Thomas et a/. 1992). These observations suggest that the 
pathway of ABA biosynthesis in plants is far more complex 
than mere oxidative cleavage of a xanthophyll 'precursor' 
and subsequent oxidation of XAN. 
In addition to the role of ABA in plant responses to stress. 
it must be borne in mind that endogenous ABA increases 
during seed maturation, senescence, and ripening, particu-
larly of climacteric fruit . Thus, there is both stress and devel-
opmental control over ABA biosynthesis in plants. Perhaps 
the most extensively studied tissue in respect of ABA biosyn-
thesis is mesocarp of ripening avocado fruit. The incorpora-
tion of radioactively labelled MVA into ABA by ripening avo-
cado has been demonstrated by several laboratories 
(Robinson and Ryback 1969, Milborrow and Robinson 1973, 
Cowan and Railton 1987 , Cowan et a/. 1999). Addition of a 
cold-pool trap of 2.4 ,6-E,E-dehydro farnesol to avocado 
mesocarp supplied (2-" C]MVA resulted in 0.1 % of label 
being recovered in 2.4,6-E,E-dehydro farnesol (Mil borrow 
1974). Less than one twentieth of label was recovered in the 
Z,E-isomer. Labelled (" C)-2.4,6-E,E-dehydro fa rnesol when 
supplied to avocado was incorporated into ABA in amounts 
40 times that of labelled MVA fed to tissue of the same fru it. 
Furthermore, Lee and Milborrow (1997a , 1997b) provided 
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evidence to show that labelled MVA was incorporated into 
ABA in avocado via carotenoids and XAN metabolism. 
Likewise , we have shown that avocado mesocarp tissue 
incorporates label from MVA into XAN, ABA, and its acidic 
catabolites (Cowan el al. 1999). However, pyruvate is also 
readily incorporated into ABA in avocado (Milborrow and Lee 
1998a) implying operation of the non-mevalonate pathway 
of IDP synthesis in th is tissue. One explanation for this 
apparent contradiction is that both MVA- and MEP-derived 
IDP is used in the synthesis of ABA. Cooperation between 
these two pathways of IDP synthesis has been documented 
for the biosynthesis of the diterpene gingkolide, and phytol 
(Lichtenthaler 1999). Likewise, analysis of the sesquiter-
penes bisabololoxide A and chamazu[ene from chamomile 
anthodia revealed that two of the isoprene units were pre-
dominantly from the MVA-independent pathway whereas the 
th ird was of mixed origin and derived from both the MVA and 
MEP pathways (Adam and Zapp 1998, Adam ef a/. 1999). In 
addition, based on data obtained from a retrobiosynthetic 13 C 
NMR study of the monoterpene loganin, it was suggested 
that the minor incorporation of label from MVA was due to 
metabolite exchange between the two pathways of IDP syn-
thesis (Eichinger el al. 1999). 
To evaluate the contribution of the MVA and non-meval-
onate pathways of IDP formation to ABA biosynthesis in 
mesocarp of ripening avocado radiolabelied substrates 
(sucrose, glucose, UDP-glucose, and acetate) were sup-
pl ied with or wi thout mevastatin (a competitive inhibitor of 
HMGR) and fosmidomycin (an inhibitor of DOXP reductoi-
somerase). The metabolic relationship between the sub-
strates used and the two pathways of IDP synthesis are 
shown in Figure 2. Also indicated are the sites of inhibition 
by mevastatin and fosmidomycin. The data in Table 1 con-
firm that all substrates were incorporated into ABA and that 
the efficiency of incorporation was sucrose = glucose < 
UOP-glucose < acetate. As expected, incorporation of 
acetate into ABA was reduced by almost 50% in the pres-
ence of mevastatin whereas fosmidomycin had little or no 
effect. By comparison, incorporation of sucrose into ABA 
was unaffected by mevastatin and reduced by fos-
midomycin . Further support was obtained by examining the 
effect of increasing inh ibitor concentration on ABA biosyn-
thesis from either sucrose or acetate (Figure 3). Thus it 
seems that both the MVA and MEP pathways of IDP forma-
tion contribute to ABA biosynthesis in mesocarp from ripen-
ing avocado. Whether the same is true for other plant tis-
sues, and/or developmental and environmental cues that 
induce ABA accumulation , remains to be determined. 
Later reactions in ABA biosynthesis 
As outlined above, there is general acceptance that under 
stress, ABA is produced by oxidative cleavage of epoxy-
carotenoids (Cutler and Krochko 1999, Loitenberg ef a/. 
1999, Taylor el a/. 2000). Several genes encoding enzymes 
involved in ABA biosynthesis have been cloned (Marin ef al. 
1996, Burbidge el al. 1997a, b, Schwartz el al. 1997b, Qin 
and Zeevaart 1999, Chernys and Zeevaart 2000, luchi ef al. 
2000, Thompson el a/. 2000) . Besides zeaxanthin epoxi-
dase (ZEP) which catalyses the conversion of zeaxanthin to 
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Figure 2: Metabolism of sugars and acetate via either the cytosolic 
MVA or the chloroplast-localised MEP pathway of lOP formation. 
Also indicated are the sites of inhibition by the inhibitors mevastatin 
and fosmidomycin. Boxed compounds were used as substrates for 
studies on ABA biosynthesis in avocado (see Table 1 for details). A 
-= HMGR, B ::: OOXP reductoisomerase 
E,E-violaxanthin in a two-step reaction sequence, recombi-
nant proteins obtained from other cloned genes showed 9-
Z-epoxy-carotenoid dioxygenase (NCED) activity 
(Loitenberg ef al. 1999). NCED seems therefore to catalyse 
the first committed step in ABA biosynthesis (more correctly, 
formation of XAN) and is likely to be a key regulatory 
enzyme in the pathway (Cutler and Krochko 1999). Both 9-
Z-violaxanthin and/or 9'-Z-neoxanthin are good substrates 
for NCED cleavage activity (Cowan and Richardson 1997, 
Schwartz ef al. 1997b). However, under stress conditions 
the endogenous level of 9'-Z-neoxanthin is much higher 
than that of 9-Z-violaxanthin and it is probable therefore that 
9'-Z-neoxanthin is the immediate precursor of xanthoxal 
(XAN), the first C-1S intermediate en roule to ABA. The 
recent identification and cloning of neoxanthin synthase 
from Solanum luberosum (AI-Babili el a/. 2000) will undoubt-
edly assist in resolving this, as yet, unanswered question. 
Several elegant studies have intimated the possibility that 
one of the enzymes involved in the (proposed two-s tep) 
conversion of XAN to ABA is a molybdenum-cofactor 
(MoCo)-containing aldehyde oxidase (AO) (Walker-
Simmons el al. 1988, Leydecker el al. 1995, Marin and 
Marion-Poll 1997, Schwartz ef al. 1997a). Characterisation 
of the aba2 and aba3 mutants of Arabidopsis Iha/iana 
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Table 1: Effect of mevaslatin and fosmidomycin on incorporation of 
label from [U- 14C)sucrose, (1 ·14C}glucose, UOP_(U· 14C}glucose, and 
(1-uCJacetate in to ABA in ripening avocado rnesocarp. Substrates. 
with and without 350l-l9 mevastatin or fosmidomycin . in 5% DMSO 
were applied to 20g FW slices of avocado mesocarp which was 
incubated for 30h in a water-saturated environment at 25c C . ABA 
was extracted and analysed as previously described (Cowan ef al. 
1999) 
Treatment 
Sucrose (720 kSq; 12~g) 
+ mevastatin 
+ fosmidomycin 
Glucose (550 kSq; 48~g) 
+ mevastatin 
+ fosmidomycin 
UDP-glucose (72 kBq; 5~ g ) 
+ mevaslalin 
+ fosmidomycin 
Acetate (720 kSq; 30~g) 
+ mevastatin 
+ fosmidomycin 
Radioactivity in ABAMe (8q) 
Experiment 1 Experi ment 2 
59.9 93.3 
53.0 86.7 
41.0 56.7 
43.1 47.9 
11 3.1 124.1 
91 .0 100.2 
11.4 13.0 
11.2 11.7 
228 27.6 
152.6 1660 
91.7 754 
162.4 132.5 
revealed Ihat the aba2 mutant has reduced ABA biosynthet-
ic capabilities because the pathway is blocked at the con-
version of XAN to AB-ald while the aba3 mutant is unable to 
transform AB-ald to ABA (Schwartz et al. 1997a) . Since the 
aba3 mutant lacked additional enzyme activities that requ ire 
MoCo but not nitrate reductase (which also requires MaCa 
for activity) it was concluded that the mutation was at the 
final step in the biosynthesis of the MaCa i.e. from the nitrate 
reductase form (dioxo) to the hydroxylase form (desulfo) . 
Confirmation was based on the ability of Na,S plus dithion-
ite to restore AD activi ty in extracts from this mutant by sul-
furylation of the dioxo form of the MaCa. A similar mecha-
nism was suggested to explain ABA deficiency in the flaeca 
mutant of tomato (Marin and Marion-Poll 1997). However, a 
more thorough examination of AO and xanthine dehydroge-
nase activity in the flacca mutant of tomato has highlighted 
additional possibilities. Sagi et al. (1999) showed that the 
MaCa content was similar in tissues of flacca and wi ld type 
tomato plants. Furthermore, while no detectable enzyme 
activity was present in leaves of flaeca, considerable activi-
ty was demonstrated in the roots of this mutant and these 
also contained substantial ABA. However, the rate of loading 
of ABA into the xylem in roots of the flacca mutant was sig-
nificantly lower than in the wild type . Thus, the flacca muta-
tion of tomato seems also to have impaired ability to chemi-
cally communicate ABA from root to shoot. 
Yet another anomaly appears in the studies on wild type 
and the abal mutant (previously CKR1) of Nicotiana 
plumbaginifolia. The aba 1 mutant is prone to wilt and is ABA 
deficient (Blonstein et al. 1991). Studies on ABA metabolism 
in the aba 1 mutant showed that it has reduced ability to con-
vert XAN to ABA with measured rates of 0.6 and 0.2% from 
two experiments (Parry et al. 1 991). The accumulation of 
trans-AB-ol, a phenomenon that had previously been 
observed in the ABA-deficient flacca and sitiens mutants of 
tomato and the droopy mutant of potato (Taylor et al. 1988, 
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Figure 3: Effect of mevastalin and fosmidomycin on incorporation 
of radioactivity from aceta te (A) and sucrose (8 ) into ABA by meso~ 
carp from ripening avocado fruits (see Table 1 for details) 
Duckham et al. 1989) coupled with conversion rates of only 
14% for the metabolism of XAN to I-AB-ol, was taken as 
direct evidence for the mutation affecting the conversion of 
AB-ald to ABA. Since AB-ald has not been unequivocally 
characterised in either Nicotiana pfumbaginifolia or any of 
the aforesaid mutants it must be concluded, based on the 
data presented (that less than 1 and 15% of applied XAN is 
converted to ABA and I-AB-ol respect ively), that the abal 
mutation specifically impairs the oxidation of XAN . 
Interestingly, an AO activity purified from leaves of wild type 
Nicotiana plumbaginofolia , wh ich showed a wide substrate 
specificity for aldehydes especially indole-3-aldehyde , had 
relatively low affi nity for AB-ald (Akaba et al. 1998). It 
remains su rprisi ng that studies on the putative AO activ ity 
involved in ABA biosynthesis have not used XAN as a test 
substrate. 
At least two independent studies have probed the role of 
an AO activity in ABA biosynthesis using inhibitors and both 
suggest that XAN, and not AB-ald, is the substrate for the 
molybdo-AO (Lee and Milborrow 1997b, Cowan et al. 1999) . 
Lee and Milborrow (1997b) utilised an assay based on the 
formation of an insoluble complex between tungstate and 
the alkaloid cinchonine to demonstrate tungstate-induced 
accumulation of XAN in avocado and restoration of ABA pro ~ 
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duction upon the addition of cinchon ine . Similarly, Cowan et 
al. (1999) showed a reduction in the climacteric-induced 
accumulation of ABA and a concomitant rise in XAN in 
mesocarp from ripening avocado fruit treated with tungstate. 
Taken together, these results provide strong evidence to 
suggest that the pathway from XAN in avocado involves oxi-
dalion of the C-l aldehyde group of XAN by an oxidase that 
is sensitive 10 tungstate. Since ABA biosynthesising activity 
is restored in extracts of ABA deficient mutants by the addi-
tion of Na,S plus dithionite (Schwartz el al. 1997a, Akaba et 
al. 1998), and stimulated by the addition of substrates for 
MaCa sulfurylation to exlracts prepared from tissues of wild 
type plants (Sagi et al. 1999), it is dislinctly possible that 
XAN oxidase is the MoCo-containing AG. As a conse-
quence, xanthoxic acid (XAN-acid ) must be the next inter-
mediate en route to ABA. In fact, XAN-acid was tentatively 
identified as a product of 9'-Z-neoxanthin metabolism in a 
cell-free system from Cilrus peel that synthesised XAN, 
1 ',4'-trans-ABA-diol, ABA and phaseic acid (Cowan and 
Richardson 1997). Intereslingly, Milborrow and coworkers 
(1997) demonstrated that 16% of (+)-[2-"C]XAN-acid 
applied to avocado fruit was incorporated into ABA with in 20 
h. This conversion rate is lower than that reported for the 
transformalion of AB-ald to ABA in other systems. 
Nevertheless , it is not possible to determine from the exper-
imental details, Ihe stage during the cl imacteric (or period of 
enhanced ABA accumulation), when substrate was supplied. 
Since ripening avocado produces large quantities (4-10mg 
per kg fresh weight) of ABA, this aclivity could have sub-
stantially diluted the applied labelled substrate to reduce the 
conversion rate of XAN-acid. 
Alternative routes to (+)-S-ABA 
Parry el al. (1988) produced a matrix of possible roules for 
the conversion of XAN 10 ABA. Proposed as potential imme-
diate precursors were, AB-ald, 1 ',4'-trans-ABA-diol and 4'-
keto-XAN-acid. Several studies have provided evidence to 
refute a precursor role for ABA-dial in higher plants (Parry et 
al. 1988 , Rock and Zeevaart 1990, Yamamoto and Oritani 
1997, Milborrow and Lee 1998b) allhough th is metabolite 
has been unequivocally characterised as a natural plant 
product, and exogenous ABA-dial is converted to ABA in pea 
and avocado (Okamolo et al. 1987) and formed as a major 
product of [2-14C]MVA metabolism in extracts of citrus peel 
(Cowan and Richardson 1993). ABA-dial can also apparenl-
Iy be reversibly converted to ABA (Mil borrow and Lee 
1998b). Yet another possibility involves the conversion of 
XAN via AB-ol to ABA. 
Lee and Milborrow (1997b) speculated that XAN might be 
converted to AB-ol and ABA by reduction at C-l followed by 
oxidation at CA' and isomerisation at C-1 ',2' rather than being 
produced via AB-ald. Unfortunately, there are no reports on 
the isolation and unequivocal characterisation of endogenous 
2-cis-AB-ol from plant tissues. Nevertheless, 2-trans-AB-ol 
has been isolated and identified as a natural plant product 
from the flacca and siliens mutants of tomato (Linforth el al. 
1987) and ripe quince fruit (Lulz and Winterhalter 1992). The 
~-D-glucopyranos ide of 2-trans-AB-ol was also isolated and 
characterised from quince (Lutz and Winterhalter 1993), the 
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aba 1 mutant of Nicoliana plumbaginifolia (Kraepiel el al. 
1994) and the aba3 mutant of Arabidopsis (Schwartz el al. 
1997a). It is intriguing that it is the 2-lrans-isomer Ihat was 
generated in each of these systems. 
Based on the accumulation of 2-trans-AB-ol in wi lty toma-
to mutants it is assumed that trans-AB-ol arises from AB-ald 
by reduction at C-1 followed by isomerization from cis to 
Irans (Linforth el al. 1987). This assumption is supported by 
the apparent stoichiometric relationship between ABA pro-
duction in wild type tomato and accumulation of 2-lrans-AB-
01 in the wilty mutants. Although a similar stoichiometric rela· 
lionship has not been documented for Ihe aba 1 mutant of 
Nicotiana plumbaginifolia, incorporation rates for XAN into 
Irans-AB-ol of 48 and 45% in the flacca mutant of tomato 
were used in support of the above assumption. In a similar 
experiment using the aba1 mutant conversion rates were 
only 14%, indicating that the bulk of exogenous trans-
XAN/XAN was not further metabolised (Parry el al. 1991). 
Even so , the authors concluded that the data was consistent 
with both XAN and Irans-XAN being precursors of Irans-AB-
01 in the aba1 mutant but only trans-XAN in the wild type. 
A recent study would seem to suggest that formation of 
Irans-AB-ol from Irans-XAN is very unlikely. Yamamoto and 
Oritani (1997) questioned the exislence of Irans-XAN as a 
naturally occurring compound in higher plants. In attempting 
to reduce the possibility of cis to trans isomerisation, XAN 
purified from tomato was separated from contaminants prior 
to chromatographic analysis, derivatised to ABA methyl 
ester and quantified by mass spectrometry. The data 
revealed that the isomeric composition of natural XAN was 
excluSively cis and that levels of cis-XAN, like those of cis-
ABA, were significantly higher in water-stressed plants. 
Thus, the authors concluded that '". I-XAN does not actual-
ly exist in plants.' and that 'c-xanthophylls are seleclively 
cleaved to produce only c-XAN'. In spite of th is, serious con-
sideration must be given to the biosynthetic origin of trans-
AB-ol and its Il-D-glucopyranoside as these compounds 
have been isolated, in amounls of 1.5 and 6mg per kg fresh 
weight respectively (Lulz and Winterhalter 1992, 1993), from 
ripe quince fru it which is not known to be ABA deficient. 
Metabolism of XAN 
A recent review by Milborrow (2001) has elaborated the 
argument for refuting AB-ald as the immediate precursor to 
ABA in plants. Likewise, this review emphasises thai XAN is 
the substrate for the MaCa-requiring AO in ABA biosynthe-
sis and that the product of this reaction is very likely to be 
XAN-acid. As illustrated in Figure 4, the further metabolism 
of XAN-acid yields 4 ·-keto-XAN-acid. This keto acid is a key 
intermediate in the chemical synthesis of XAN and shares 
many physicochemical properties with ABA. For example, 
like ABA 4'-keto-XAN-acid is a stable weak acid, the com-
pounds have the same molecular weight, and the electron 
impact mass spectra of the methyl ester derivatives are 
almost identical with a molecular ion at m/z 278, a base peak 
at 190, a prominent ion at 125, and characteristic ions at 
222, 162, 134, 105, and 91 (unpublished results). The only 
way to re liably distinguish between Ihese compounds is by 
NMR which clearly shows the difference in the spectra at C-
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Figure 4: Hypothetical scheme itlustrating the metabolism of XAN 
2' and C-3' of 4'-keto-XAN-acid, 
XAN-acid is readily oxidised to ABA in vivo (Mil borrow et 
al. 1997) and has been identified as a product of XAN 
metabolism in vitro (Cowan and Richardson 1997). Since 
XAN is the substrate for the AO in ABA biosynthesis elabo-
ration of the hexacyclic ring in 4'-keto-XAN-acid must be the 
ultimate biochemical modification to take place. These 
remaining steps to ABA must therefore involve oxidation at 
C-4' and isomerisation of the 1 ',2'-epoxide to a 1 '-hydroxyl 
and a 2'-ene (Milborrow 2001), Alternatively, 4'-keto-XAN-
acid could represent the 'major end product' of the pathway 
that is then sequestered as ABA-adduct (Netting et al. 
OPOP 
2,6 (E,E)-farnesyl diphosphate 
OH 
2,6 (E,E}-farnesol 
O~ 
H 
Cowa n 
1992). ABA-adduct is not derived from either ABA or AB-ald 
(WillOWS and Milborrow 1992), 
Metabolism of AS-of 
There is very little information in the literature on the occur-
rence and metabolism of AB-oJ in plants. Accumulation of 
trans-AB-ol in ABA-deficient plants has been taken as direct 
evidence that cis-AS-aid is the immediate precursor to ABA. 
Thus, it is assumed that cis-AB-ol is formed in a shunt path-
way from cis-AB-ald and then is slowly converted to ABA 
(Zeevaart 1999, Cutler and Krochko 2000), However, cis-
AS-oj has never been characterised as a natural product in 
higher plants, By comparison, the trans-isomer and its glu-
copyranoside ester occur in appreciable quantities in plant 
tissue that is not ABA deficient (Lutz and Winterhalter 1993), 
Why is it the 2-trans-isomer that occurs, and what is the sig-
nificance of this finding given that trans-XAN and hence 
trans-AB-al appear to be artifacts? (Yamamoto and Oritani 
1997), One way of addressing this issue is to consider the 
biasynthetic origin of 2-trans-AB-ol. Since there is no evi-
dence for cis to trans isomerization in ABA biosynthesis, 2-
trans-AB-ol would appear to be formed de novo. There exist 
two possibilities; either it arises as a product of E,E-
carotenoid cleavage or, it is formed as a product of FOP 
metabolism. 
E,E-Farnesol occurs in substantial amounts in water 
stressed plants (Mansfield et a/. 1978), Based on results 
from a study of the biosynthesis of sesquiterpenoid alcohols 
and aldehydes , and on the rate of appearance of the prod-
ucts, Chayet et a/. (1973) proposed a series of redox inter-
conversions to explain formation of E,E- and E,Z-farnesals 
and farnesols (Figure 5). More recently it was shown that 
there exists a pool of farnesol in plants that is used in iso-
OPOP 
2,6 (E,Z)-farnesyl diphosphate 
2,6 (E,Z)-farnesol 
)( H"",O? 
~ 
Figure 5: Interconversion of the E,E- E,Z-isomers of FOP, farnesol and farnesal (adapted from Chayel et 81. 1973) 
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prenoid lipid biosynthesis and for protein prenylation (Thai el 
al. 1999). These authors have established that the pathway 
commences with phosphorylation of E,Z-farnesol and that it 
is FDP that is used in sterol synthesis. These observations, 
coupled with the data reported by Milborrow (1974) who 
showed that 2,4,6-E,E - dehydro-farnesol was incorporated 
in to ABA in amounts 40 times that of MVA, can be used to 
propose a pathway to explain the biosynthetic origin of 2-
Irans-AB-o f. This hypothetical scheme is illustrated in Figure 
6. It is suggested that in competent tissue and under appro-
priate conditions, the pool of E,Z-farnesol becomes unavail-
able for FDP and sterol synthesis and by a series of redox 
reactions is transformed to E,E-farnesol. Desaturation fol-
lowed by cyclisation and hydroxylation gives rise to 2,4 ,6-
E,E-dehydro- farnesol and 2-lrans-AB-ol respectively. AB-ol 
thus formed is glucosylated and either exported and used in 
root-shoot communication or, sequestered in a larger mole-
cule to give ABA-adduct. Enzymatic hydrolysis of the glu-
copyranoside followed by isomerisation is expected to yield 
2-cis-AB-ald that is oxidised to (+)-S-ABA. 
Metabolism of ABA-adduct 
The compound in plants, termed ABA-adduct, was isolated 
and partially identified by Netting el al. (1992). It is unstable 
and comprises two components, a ketone and an enolate, 
and when treated with acid it releases small amounts of ABA 
methyl ester (Milborrow 2001). ABA-adduct is not formed 
from ABA and must therefore be considered as a precursor 
to ABA. The ketone form (possibly AB-ol glucopyranoside 
conjugated to a peptide) and the enolate (possibly 4'-keto-
XAN-acid conjugated to a peptide) are apparently released 
into the apoplast as ABA following mild stress. Structures 
and pathways for conversion of both the ketone and enol ate 
HMGCoA 
- ----- ~ 
I 
I 
I 
I 
I 
I 
, 
FEEDBAC~ 
E,Z-fa nesol 
t1 
MVA 
y 
FOP 
ySTEROLS 
E, E-farnesol 
E,ElE,Z-farnesals 
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forms of ABA-adduct to ABA have recently been proposed 
(Duffield and Netting 2001) . Elaboration of these pathways 
will undoubtedly lead to a better understanding of the role of 
ABA-adduct in ABA biosynthesis and provide us with the 
identity of both the ketone and enolate forms of this pro-
posed precursor. 
Conclusion 
The fact that ABA plays such a vital role in the response of 
plants/plant parts to environmental stimuli and can induce 
new andlor different physiological states, favours multiple 
control points and compartmentalisation as components 
involved in regulating its biosynthesis. Formation of XAN in 
the chloroplast and its further oxidation seems far too linear 
as an hypothesis for the integration of hormone biochemistry 
into the complex metabolic networks operating in plant cells, 
In view of the questionable position of AB-ald in the current 
model of the ABA biosynthetic pathway coupled with the 
dearth of information on the origin and metabolism of AB-ol, 
and the ambiguities alluded to above, it is difficult to accept 
without reasonable doubt that stress-induced (+)-S-ABA is 
primarily the product of 9'-Z-xanthophyll catabolism. This 
review has integrated available information on ABA biosyn-
thesis in an effort to illustrate that XAN (cleaved from 9'-Z-
neoxanthin) metabolism might be a process independent of 
ABA biosynthesis. Furthermore, the constitutive nature of 
ABA biosynthesis is emphasised and two precursor pools 
are mooted viz. carotenoids (plastid-localised and stress-
induced) and E,Z-farnesol (cytosolic and stress and devel-
opmentally regulated). In both, ABA arises through metabo-
lism of the in termediates 2-cis-AB-ol and 4'-keto-XAN-acid 
via ABA-adduct. 
2-trans-ABA 2-cis-ABA 
i 
2-trans-AB-ald 2-cis-AB-ald 
i ~ :5 , 
2-trans-AB-ol 
4 ' --'--....)~~ 2-trans-AB-ol GLUC 
~ 
:3 
, 
, 
2 ~ 2 ,4 ,6-E,E-dehydro 
farnesol 
Figure 6: Hypothetical scheme showing the relationship between synthesis of E,E-farnesol and its further metabolism to 2-trans-AB-oI, 2-
trans-AB-ol glucopyranoside. and 2-cis-ABA. 1, HMGR; 2 , desaturation; 3, cyclisation and hydroxylation; 4, glucosylation; 5, hydrolysis and 
isomerisation; 6, oxidation 
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